In a recent article, we reported the UV irradiation of H 2 S:H 2 O ice and estimated upper limits for solid H 2 S in protostars. Photoproducts of H 2 S ice processing were proposed as a plausible explanation of sulphur depletion towards dense clouds and protostars. But the photochemistry of H 2 S with C-bearing molecules like CO and CH 3 OH was not explored. We simulate experimentally the formation of organic products made from UV irradiation and warm-up of CO or CH 3 OH ice containing H 2 S. Our experiments were performed under ultrahigh vacuum conditions using the Interstellar Astrochemistry Chamber. We used infrared spectroscopy and quadrupole mass spectrometry to monitor the solid and gas phase simultaneously during the experiments. The main species produced after irradiation of H 2 S:CO ice mixtures were H 2 S 2 , HS · 2 , CS 2 , H 2 CO, and OCS. In H 2 S:CH 3 OH irradiation experiments CO, CO 2 , CH 4 , H 2 CO, and CS 2 were formed. A complex organic refractory residue remained at room temperature. This experimental evidence supports that dust grains are likely a reservoir of the missing sulphur in dense clouds and circumstellar regions. Indeed, with the exception of CS 2 and OCS, we found that most of the sulphur contained in refractory photoproducts that were stable at room temperature is likely in the form of S-chains. Our results are used to interpret the observations of OCS and CS 2 in different astrophysical environments.
, an important fraction of the missing sulphur in dense clouds and circumstellar regions could thus be polymeric sulphur residing in dust grains.
Here, we focus on the photo-and thermal processing of ice mantles containing H 2 S in the presence of CO or CH 3 OH to study the formation of organic species. Organic refractory S-bearing molecules such as pentathian (S 5 CH 2 ), hexathiepan (S 6 CH 2 ), and c-(S-CH 2 -NH-CH 2 -NH-CH 2 ), were among the residue components at room temperature produced in similar experiments (Muñoz Caro 2002) , but the volatile products were not characterized. Such C-and Sbearing species, in addition to S-polymers, are thus potential contributors to the sulphur reservoir in dust grains invoked to explain the observed sulphur depletion.
The presence of the more volatile C-and S-bearing molecules, such as OCS, H 2 CS, and CS 2 , have been widely observed in comets (Woodney et al. 1997a; Bockelée-Morvan et al. 2000; Jackson et al. 2004) .
A CS 2 /H 2 O production rate ratio of ∼1 × 10 −3 is obtained from cometary observations (Meier & A'Hearn 1997; Feldman et al. 2010) .
We proposed an H 2 S abundance around 2.7 per cent relative to H 2 O in ice mantles, based on the cosmic O/S abundance ratio of 1/37 (Paper I). The largest abundance of H 2 S in comets is about 1.5 per cent relative to H 2 O (Irvine et al. 2000) . The solid CO and CH 3 OH abundances in ice mantles towards protostars and cloud cores are within 1-30 per cent (e.g. Dartois et al. 1999; Pontoppidan et al. 2003; Boogert et al. 2008; Öberg, Boogert & Pontoppidan 2011) .
We performed irradiation experiments using realistic ice mixtures deposited at 8 K under ultrahigh vacuum (UHV) to mimic the interstellar/circumstellar conditions. The ice was monitored in situ by infrared spectroscopy and the desorbed molecules in the gas phase by a quadrupole mass spectrometer. Several products were detected after irradiation of the ice and during warm-up. Our results were used to estimate the UV dose required to account for the CS 2 and OCS abundances inferred from astronomical observations.
E X P E R I M E N TA L P ROTO C O L
The experiments were carried out using the Interstellar Astrochemistry Chamber (ISAC). This set-up and the standard experimental protocol are described in Muñoz Caro et al. (2010) . ISAC mainly consists of an UHV chamber, with pressure down to P = 2.5-4.0 × 10 −11 mbar, where an ice layer made by deposition of a gas mixture on to an infrared-transparent window mounted on a cold finger at 8 K can be UV-irradiated. The cryogenic temperatures are achieved by means of a closed-cycle helium cryostat. Samples can be heated in a controlled way from 8 K to room temperature, allowing temperature-programmed desorption (TPD) of ice studies. The evolution of the ice was monitored by in situ transmittance Fourier transform infrared spectroscopy (FTIR), while the volatile species are detected by quadrupole mass spectroscopy (QMS). The gas line works dynamically and allows the deposition of gas mixtures with the desired composition, that is monitored in real time by QMS. There is a second deposition tube for co-deposition of corrosive gases, like NH 3 or H 2 S. H 2 S (Praxair, 99.8 per cent purity) was deposited through the second deposition tube to prevent possible reactions with CO (Praxair, 99.998 per cent purity) gas or CH 3 OH (Panreac Química S.A. with an HPLC-gradient grade higher than 99.9 per cent) prior to deposition. OCS is a common contaminant in commercial H 2 S gas. In our experiments, OCS was the main contaminant, as inferred from infrared spectrum of the deposited ice. (1) Paper I, (2) Hagen, Tielens & Greenberg (1981) , (3) Jiang, Person & Brown (1975) , (4) d 'Hendecourt & Allamandola (1986) , (5) Yamada & Person (1964) , (6) Hudgins et al. (1993) , (7) Schutte & Gerakines (1995) , (8) Schutte et al. (1996) , (9) Pugh & Rao (1976) , (10) Schutte, Allamandola & Sandfor (1993) .
For the irradiation experiments, the deposited ice layer was photoprocessed with a microwave-stimulated hydrogen flow discharge lamp. The lamp output is ≈ 1.5 × 10 15 photons s −1 (Weber & Greenberg 1985) and the flux we measured at the sample position using oxygen actinometry is I 0 = 2.5 × 10 14 photons cm −2 s −1 , see Muñoz Caro et al. (2010) for details; the emission spectrum of the lamp ranges from 8.6 to 10.5 eV (with an average photon energy of 9.2 eV) and the Lyman band system (7.85 and 7.71 eV), with main emission at Lyman α (10.2 eV) for a hydrogen pressure of P H = 0.4 mbar Cruz-Diaz et al. 2014) . The spectral resolution was generally 2 cm −1 to allow acquisition of infrared spectra during continuous warm-up. The column density of the ice deposited at 8 K was calculated using the formula
where N is the column density in cm −2 , τ the optical depth of the band, dν the wavenumber differential in cm −1 , and A the band strength in cm molecule −1 . The adopted band strengths of the ice components and the products of ice irradiation and warm-up are given in Table 1 .
Before deposition the relative partial pressures of the mixture components were controlled to obtain the ice composition required. The estimation of the ice mixture composition was obtained from integration of the infrared absorption bands after deposition. They were calculated assuming that the band strength values do not vary due to mixture effects in the ice, which introduces a certain error in the estimated column density values of the different ice components (d 'Hendecourt & Allamandola 1986) . Tables 2 and 3 provide the estimated CO:H 2 S and CH 3 OH:H 2 S ice composition, respectively, the column density of H 2 S, the fluence in photons cm −2 , and the heating rate in K min −1 . Experiments S1 and S2 studied the warm-up of CO:H 2 S, and S8 the warm-up of CH 3 OH:H 2 S mixtures. Experiments S3 to S5, S9, and S10 involved deposition of the ice layer followed by UV irradiation. The experiments reported here involved irradiation times shorter than 90 min, except experiments S6, S7, and S11, described below. Calibration experiments of the UV flux using actinometry (Muñoz Caro et al. 2010) , performed before and after the experiments, showed that the flux remains constant during the first two hours of irradiation. More recently, we measured the UV emission spectrum of the lamp (Cruz-Diaz et al. 2014 ) and found a constant flux during the first three hours. For longer irradiation times, we found that the flux decreases by 11 per cent in the first five hours (experiments S7 and S11) and the flux decreases by 35 per cent in the first 14 hours (experiment S6). For experiments with a constant UV flux, the UV photon fluence in photon cm −2 , is the product of the UV flux value given above, I 0 , by the irradiation time, t in seconds
Experiments S6, S7, and S11 differ from the others because they involved simultaneous deposition and irradiation. The gas was condensed at a rate of about 2.5 × 10 14 molecules cm −2 s −1 . Because the UV flux is 2.5 × 10 14 photons cm −1 s −1 , very roughly, the ice was exposed to about 1 photon molecule −1 on average. Although estimation of the irradiation dose is less accurate in simultaneous deposition and irradiation experiments, they allow the irradiation of a thick ice, forming a much larger amount of refractory products that can be analysed by FTIR and QMS. For these experiments, the column densities of the different ices were estimated as follows. The CO:H 2 S and CH 3 OH:H 2 S ratios in the gas line during deposition were measured by QMS and found to remain constant. The deposition rate, in molecules cm −2 s −1 , was calibrated from previous experiments, allowing the estimation of the total ice column density for the total deposition time, and in particular the values of N(H 2 S) given in Tables 2 and 3 . Methanol was monitored with m/z = 31 (CH 2 OH + fragment, Szot, Wójcik & Gluch 2013) instead of 32 (ion molecule), because the main mass fragment was 31 and 32 is common to H 2 S and O 2 .
E X P E R I M E N TA L R E S U LT S
Sections 3.1 and 3.2 describe the results from the experiments consisting on the deposition followed by warm-up of CO:H 2 S and CH 3 OH:H 2 S ices mixtures. Energetic processing with UV photons are described in Section 3.3 for CO:H 2 S and Section 3.4 for CH 3 OH:H 2 S. Fig. 1 shows the absorption bands of a mixture of CO:H 2 S = 10:1 ice at 1 cm −1 of spectral resolution after deposition at 8 K and during warm-up, corresponding to experiment S1 of Table 2 . Top panel of Fig. 1 displays the feature of CO around 2136 cm −1 instead of the 2138.6 cm −1 position for pure CO (Sandford et al. 1988) . A shift of the CO peak to 2134.5 cm −1 was observed in H 2 S:CO = 20:1 ice (Sandford et al. 1988 ). In our experiment, the CO maximum around 2136 cm −1 shifts to 2138 cm −1 at 25 K, likely due to segregation of CO in the ice. The CO-matrix effect in H 2 S ice is shown in the bottom panel of Fig. 1 . At 8 K the main feature of H 2 S is at 2566 cm −1 in the CO-matrix. H 2 S presents an additional feature at 2603 cm −1 corresponding to ν 3 , the stretching mode of H 2 S in a CO-matrix (Garozzo et al. 2010) . Increasing the temperature to 40 K, the absorption band at 2566 cm −1 shifts to 2551 cm
Annealing of CO:H 2 S ice experiments
and the absorption band at 2603 cm −1 disappears, remaining the feature at 2551 cm −1 , close to that found for pure H 2 S (Paper I and references therein), when CO has completely desorbed. Above 40 K, a crystallization process takes place, displaying an additional feature at 2526 cm −1 . During sequential warm-up, the molecules released to the gas phase by ice desorption can also be monitored by QMS. Fig. 2 displays the TPD curves of m/z = 28 and m/z = 34 corresponding to CO and H 2 S, respectively. For m/z = 34 the sublimation has a maximum at 83 K, in agreement with previous studies (Collings et al. 2004, Paper I) . However, m/z = 28 displays different desorption peaks at 29, 34, 51, 64, and 78 K. QMS is more sensitive than FTIR, but the main desorption around 29 K and, to a lesser extent, 51 K displayed in the TPD experiments can be simultaneously monitored by the drop of the CO infrared absorbances around the same temperature ranges (Fig. 1) . The CO desorption peak at 29 K corresponds to multilayer desorption while those near 34 and 50 K are monolayer desorptions observed in pure CO ice experiments ( amount of CO is retained at higher temperatures and codesorbs with H 2 S. Fig. 3 shows the infrared spectra of a CH 3 OH:H 2 S = 10:5 ice mixture at different temperatures that correspond to experiment S8 in Table 3 . Methanol displays the same band profiles as in the pure state, not showing modification due to matrix effects. The wavenumber position of the H 2 S feature at 2540 cm −1 does not change significantly in a CH 3 OH matrix, it shifts from 2543 cm −1 for pure H 2 S (Paper I) to 2540 cm −1 and becomes narrower compared to pure H 2 S, the full width at half-maximum (FWHM) changes from 43 to 38 cm −1 . Another interaction effect is the absence of crystallization Table 3 . CH 3 OH is monitored by the feature at 3269 cm −1 assigned to the H-O stretching, which crystallizes with temperature showing two maxima at 3300 and 3176 cm −1 . The symmetric and antisymmetric H-C stretching modes of CH 3 OH, displayed in the 3000-2800 cm −1 region, remain mostly unchanged during warm-up, as well as the H 2 S infrared band at 2540 cm −1 .
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of H 2 S ice, i.e. the band profile of amorphous H 2 S ice is kept during warm-up until desorption occurs, see 2540 cm −1 band in Fig. 3 . Fig. 4 reports the TPD data of the same CH 3 OH:H 2 S = 10:5 ice experiment, S8 of Table 3 . The CH 3 OH and H 2 S desorptions correspond to m/z = 31 and 34, respectively. CH 3 OH has a desorption temperature of 140 K in this experiment, similar to that of pure CH 3 OH experiments in our set-up. H 2 S displays two maxima near 80 and 103 K. The desorption peak at 80 K corresponds to the pure H 2 S desorption temperature, while the peak at 103 K could be due to the crystallization of CH 3 OH ice in the mixture. In Paper I, we report a similar effect in a H 2 O-matrix where solid H 2 S desorbed right after a change in the water structure occurred. A small fraction of H 2 S molecules remain and codesorb with methanol.
Irradiation of CO:H 2 S ice experiments
Upon photolysis, HS · formation and CO excitation initiate a network of chemical reactions. H 2 S 2 and S 2 are produced from HS · , as well as subsequent irradiation products (Isoniemi et al. 1999 , Paper I). CO Table 2 for conditions. excitation leads to the formation of CO 2 , C 3 O, and C 3 O 2 (Muñoz Caro et al. 2010 and references therein) . Fig. 5 shows the infrared spectra of the CO:H 2 S = 10:2 ice mixture at 8 K for different irradiation times, corresponding to experiment S3 of Table 2 . The features of H 2 S at 2565 cm −1 and CO at 2136 cm −1 decrease during irradiation and H 2 S shifts to 2552 cm −1 . During irradiation new absorption bands appear, the feature at 2488 cm −1 is mainly composed by HS · 2 (Paper I) at high irradiation times. The S-H stretching of different molecules are present in the 2650-2400 cm −1 spectral region. Fig. 6 displays the Gaussian deconvolution of the irradiated H 2 S feature at 8 K. According to Isoniemi et al. (1999) , the Gaussian at 2465 cm can be assigned to the HS · 2 radical, while the bands at 2559 and 2496 cm −1 correspond to H 2 S 2 and its dimeric form, respectively. Finally, the feature at 2605 cm −1 could be due to CO-matrix effects mentioned in Section 3.1. The remaining bands are unidentified, they could correspond to S-H stretching modes of more complex photoproducts.
Other photoproducts were detected during irradiation. The infrared absorption of CO 2 at 2347 cm −1 was the most intense band after irradiation. OCS and CS 2 features were found at 2043 and 1513 cm −1 , respectively. The 1717 cm −1 band together with 1493 cm −1 identify the formation of formaldehyde, H 2 CO. Nevertheless, Gerakines, Schutte & Ehrenfreund (1996) found a similar Figure 6 . Detail of the Gaussian deconvolution of the 2650-2400 cm −1 absorption corresponding to H 2 S and its photoproducts, experiment S6 of Table 2. absorption at 1718 cm −1 assigned to methyl formate (HCOOCH 3 ). Features at 1690 cm −1 and 1066 cm −1 were observed after electron irradiation of CH 3 OH:CO, suggesting the presence of CH 2 OHCHO (Bennett & Kaiser 2007) , but the band at 1066 cm −1 has not been detected in our experiments. In addition, the CH 2 OHCHO formation is not easily explained using CO as a starting point, since it is formed by CH 3 OH irradiation (Öberg et al. 2009 ):
For that reason we cannot dismiss the presence of HCOOH at 1691 cm −1 observed by Bisschop et al. (2007) in a CH 3 OH:HCOOH ice mixture. Garozzo et al. (2010) found a feature at 1041 cm −1 after H + irradiation of H 2 S:CO ice that was assigned to O 3 . But in our experiments this feature is shifted to 1026 cm −1 , matching the position of CH 3 OH (d 'Hendecourt & Allamandola 1986) , hardly produced in our experiments. This feature is probably due to a mixture of O 3 with a small fraction of alcohols formed by subsequent formaldehyde irradiation . Ferrante et al. (2008) irradiated CO:H 2 S ice with H + and describe the formation of OCS followed by CS 2 . The reactions they propose are also expected to occur after UV irradiation of CO:H 2 S ice leading to H · , HS · , and S:
Photodissociation of OCS 2 in our experiments can explain the formation of CS 2 :
OCS could also form by
The irradiation products that do not contain sulphur result from interaction of CO with the H · formed by H 2 S photolysis. H 2 S is a good H · donor, adopting the role of water in common ice irradiation experiments (e.g. Agarwal et al. 1985) driving reactions
The possible formation of HCOOCH 3 can be explained by reaction of two formaldehyde molecules , and references therein), 2H 2 CO →HCOOCH 3 .
(11) Fig. 7 reports the column densities of the photoproducts formed in experiment S3 during irradiation. We used the band strength values given in Fig. 8 , the desorption of the ice components could be monitored. CO was the first desorbing compound followed by H 2 S and the remaining species yielded during irradiation. The feature at 1026 cm −1 increased with the temperature and finally desorbed up to 150 K. A fraction of the more refractory compounds remained on the substrate close to room temperature. The following infrared absorption bands were observed: S-H stretch (2488 cm −1 ), C=O stretch of aldehydes and carboxylic acids in the 1800-1600 cm −1 range, and C-O stretch about 1026 cm −1 . Table 2 .
To enhance the product formation and improve their identification, we performed simultaneous deposition and irradiation experiments, see experiment S6 of Table 2 for conditions. This protocol allows the irradiation of thick ices. The TPD data collected during warm-up of UV-irradiated CO:H 2 S = 10:0.4 ice in the 10-280 K range are shown in Fig. 9 , in Table 4 . Column density of H 2 S, CO, CO 2 , OCS, HCO, H 2 CO, CS 2 , and HS · 2 as a function of UV fluence is represented. For H 2 CO the asterisks corresponds to the column density measured at 1717 cm −1 and the diamonds correspond to the column density measured at 1492 cm −1 . We assume a band strength of A(HS · 2 ) = 0.5 × A(H 2 S), which could differ significantly from the real value. For CH 2 OHCHO, we represent the integrated band area as band strength value was not found in the literature. H 2 CS and HCOOH molecules. Collings et al. (2004) found that the formic acid (HCOOH) desorbs in the 150-160 K range, which is compatible with the shoulder observed for m/z = 46 in the 150-190 K range. This result was complemented with the desorption of m/z = 28 at 155 K, which is the main fragment of formic acid (http://webbook.nist.gov/chemistry). The mass fragment m/z = 30 is common to ethane (C 2 H 6 ) and formaldehyde (H 2 CO), but only the former was clearly detected by FTIR. A second and weaker CO desorption peak appears around 58 K, shown in Fig. 2 , which also leads to, codesorption of the above mentioned species. H 2 S desorption, m/z = 34, occurs at 91 K. The main desorption peak of CO 2 falls at 84 K. Desorption of m/z = 60, 64, 65, and 66 were observed corresponding to OCS and to a mixture of S 2 and H 2 S 2 (Paper I). The fragments m/z = 64, 65, and 66 present various desorption maxima showing desorption of different molecules with the same mass. In addition, m/z = 60 also corresponds to the molecular mass of methyl formate (HCOOCH 3 desorbs between 100-200 K), and glycolaldehyde (OHCH 2 CHO desorbs between 140-150 K) according toÖberg et al. (2009) . The desorption of m/z = 60 near 105 K is compatible with the presence of methyl formate in the S3 experiment.
In our experiments was observed a desorption peak of m/z = 62 in the 200-250 K range compatible whit H 2 CO 3 (Oba et al. 2010) . Nevertheless, an early desorption of m/z = 62 around 137 K was present in the TPD curve with H 2 CSO as a possible carrier.
The m/z = 48 ratio presents several desorption peaks which probably come from different species like fragmentation of SO 2 , CH 3 SH, and also O 3 observed in ion irradiation experiments of CO:H 2 S ice mixtures (Garozzo et al. 2010) . A small fraction of SO 2 (m/z = 64) could be present in the irradiated ice overlapping with H 2 S 2 and S 2 desorption. In the 134-238 K range starts to desorb CS 2 with m/z = 76. H 2 S 3 (m/z = 98) starts to desorbs above 150 K with a maximum at 191 K. The S 3 molecule (m/z = 96) goes to the gas phase above 205 K until the temperature reaches 300 K. The desorption of m/z = 31 near room temperature may be related to alcohols, such as methanol (CH 3 OH), ethanol (CH 3 CH 2 OH), ethylene glycol (OHCH 2 CH 2 OH), and glycolaldehyde (OHCH 2 CHO). Fig. 10 shows the infrared spectra of CH 3 OH:H 2 S = 10:2 ice at different irradiation times, experiment S9 of Table 3 . The bands due to Figure 9 . Thermal desorption of UV-irradiated CO:H 2 S = 10:0.4 (experiment S6 of Table 2 ). The x-axis correspond to the temperature range in K. The y-axis corresponds to the signal intensity measured in Ampere. Table 3 for conditions. The 2650-1600 cm −1 and 1600-950 cm −1 spectral ranges are displayed in the left and right panels, respectively. products are common to the pure methanol irradiation experiments. H 2 S is photodestroyed during irradiation and polymerizes forming sulphur chains up to H 2 S 8 , which finally forms cyclic S 8 (Muñoz Caro 2002) which remains as a refractory residue. The weak bands expected for the S-polymers are not easily observed.
Irradiation of CH 3 OH:H 2 S experiments
The prominent absorption bands are dominated by CO 2 (2340 cm −1 ), CO (2137 cm −1 ), H 2 CO (1718, 1498, and 1245 cm −1 ), and CH 4 (1303 cm −1 ). The band at 1718 cm −1 may also have contribution of methyl formate (HCOOCH 3 ), mentioned in Gerakines et al. (1996) . The presence of HCOOCH 3 is also supported by the 1161 cm −1 band, but the 1214 cm −1 feature was not clearly detected, it could be blended with the H 2 CO band at 1245 cm −1 . However, according toÖberg et al. (2009) the feature at 1161 cm −1 together with 1090 cm −1 can be also assigned to CH 3 OCH 3 . Schutte & Gerakines (1995) found a similar band at 1091 cm −1 as an irradiation product of methanol. Later, Öberg et al. (2009) assigned this feature to a contribution of (CH 2 OH) 2 + CH 3 OCH 3 + CH 3 CH 2 OH. Glycolaldehyde formation (CH 2 OHCHO) can be monitored by two features at 1686 and 1066 cm −1 . The former was tentatively detected, see the bottom panel of Fig. 10 , which is blended with the methanol feature at 1021 cm −1 . Very weak bands would be present as an indication of HCO (1846 cm −1 ), and CS 2 (1516 cm −1 ). Fig. 11 displays the column densities of the products formed during irradiation, see Table 1 for band strength values. As in Section 3.3, we assume that the features at 1718 and 1686 cm −1 were due to H 2 CO and CH 2 OHCHO, respectively. Product formation increases as a function of fluence except for H 2 CO, which reaches its maximum at a fluence of 6.6 × 10 17 photon cm −2 , remaining constant upon further irradiation. The H 2 CO abundances differ depending on the band used for integration, which suggest the presence of other products that contribute to the 1718 cm −1 band, such as methyl formate (HCOOCH 3 ). The H 2 CO, CH 4 , and HCO are produced from pure CH 3 OH irradiation, following the reactions reported in Gerakines et al. (1996) The production of the other molecules comes mainly from subsequent H 2 CO irradiation. Formation of CS 2 and CO 2 is boosted when H 2 CO is close to its maximum abundance. Similar to the CO:H 2 S experiments, CS 2 is likely formed via its OCS precursor, thus requiring the previous formation of CO, see Section 3.3. CH 4 does not seem to contribute significantly to the formation of secondary products.
Warm-up of the irradiated CH 3 OH:H 2 S = 10:2 ice mixture, experiment S9 of Table 3 , is displayed in Fig. 12 . During warm-up, CO and CH 4 are the first molecules desorbing bellow 50 K, while a fraction remains at higher temperatures until CH 3 OH desorption occurs at 153 K.
A feature at 1744 cm −1 grew with temperature, reaching its maximum absorbance at 130 K. According toÖberg et al. (2009), possible carriers of the 1744 cm −1 band are glycolaldehyde (CH 2 OHCHO), formic acid (HCOOH), and acetic acid (CH 3 COOH).
The CS 2 was the only product in the volatile fraction that was not common to pure CH 3 OH irradiation experiments. The absorption at 1090 cm −1 grows with temperature until desorption at 200 K. This band could result from a mixture of (CH 2 OH) 2 , CH 3 OCH 3 , and CH 3 CH 2 OH, as suggested byÖberg et al. (2009) . Raising the temperature to 200 K all the volatile compounds desorb and only a refractory fraction remains.
As in the case of CO:H 2 S, to allow the detection of additional products by increasing the thickness of irradiated ice, we performed experiments with simultaneous deposition and irradiation. Fig. 13 shows the TPD data of UV-irradiated CH 3 OH:H 2 S = 10:4 ice, experiment S11 of Table 3 , in the 10-300 K temperature range, see Table 5 for details of the fragments assignment of the different mass charge ratios. Similar to the experiments reported in Section 3.3, H 2 CO (m/z = 30), CO (m/z = 28) and CH 4 (m/z = 16) are the first desorbing molecules. CO desorption displays two maxima at 35 and 59 K. The desorption of H 2 S reached a maximum at 87 K. Besides the common H 2 S desorption at 87 K, desorption peaks appears at 111, 127, and 153 K. The 111 K peak is compatible with the desorption observed at 103 K in Section 3.2, which occurred at a higher temperature due to ice matrix effects after irradiation.
The positions of these peaks are in agreement with Fig. 12 , where a partial desorption of H 2 S (m/z = 34, 32) and CH 3 OH (m/z = 31, 32) is displayed in the 100-150 K range. Several masses desorb from 100 K to room temperature, with main desorption peaks around 130 and 210 K. Possible candidates are CO 2 (m/z = 44), CH 3 CHO (m/z = 44), CH 3 CH 2 OH (m/z = 46), HCOOH (m/z = 46), and CH 3 OCH 3 (m/z = 46), along with other species, which are common to pure CH 3 OH ice irradiation. The desorption of m/z = 48 can be attributed to CH 3 SH (http://webbook.nist.gov/chemistry). CH 3 SH formation is also supported by the m/z = 49 signal, which is below 10 per cent with respect to m/z = 48 (according to the isotopic ratio, the relative abundance of m/z = 49 should be around 6 per cent, see Kutina et al. 1982) .
Around 110 
Residue comparison
The top panel of Bands due to sulphur compounds are present in the residue at 2479 cm −1 (S-H stretch), 2042 cm −1 (C=O stretch in OCS), 1508 cm −1 (C=S stretch), and 1293 cm −1 (S=O stretch in C-SO 2 -C compounds). We suggest that the formation of O=C=C=S contributes to the bands at 2156, 1505, and 685 cm −1 (Maier, Reisenauer & Ruppel 1997) .
The residue of irradiated CH 3 OH:H 2 S = 10:4 ice at 200 K is displayed in the bottom panel of Fig. 14. The bands due to the antisymmetric -CH 2 -stretching modes (2917 and 2832 cm −1 ) are more prominent than the -CH 3 stretching mode (2966 cm −1 ). This 3.4 µm band profile manifests the interaction of -CH 2 -with -OH groups, as suggested by Muñoz Caro & Dartois 2009 in pure CH 3 OH and CH 3 OH:H 2 O irradiated ice mixtures, obtaining in our experiment a value of CH 2 /CH 3 = 0.8.
The infrared absorptions at 1085 (C-OH stretch) and 1041 cm −1
(C-OH stretch) indicate the production of a small fraction of ethylene glycol. The long tail of the broad OH stretching band in the Figure 13 . Thermal desorption of UV-irradiated CH 3 OH:H 2 S = 10:4 ice (experiment S11 of Table 3 ). The x-axes correspond to the temperature range. The y-axes correspond to the signal intensity measured in Ampere. 
A S T RO P H Y S I C A L I M P L I C AT I O N S
Sulphur compounds are ubiquitous in the inter-and circumstelar medium. They were, being detected towards hot cores (van der Tak et al. 2003) , protostars (Doty et al. 2004 ), comets (Bockelée-Morvan et al. 2000 , and planetary atmospheres (Bezard et al. 1990 ). We detected the OCS and CS 2 species after UV irradiation of H 2 S containing ices by infrared spectroscopy before warm-up. Solid OCS was observed in the inter-and circumstellar medium (Palumbo, Tielens & Tokunaga 1995; Woodney, McMullin & A'Hearn 1997b) , but CS 2 only has been detected in comets (Jackson et al. 2004) . Biver et al. (2002) obtained an Table 2 . Right panel: infrared spectrum of the residue at 200 K of irradiated CH 3 OH:H 2 S = 10:4 ice corresponding to experiment S11 of Table 3 In Paper I, we provided the H 2 S upper limit for the W33A and IRAS18316-0602 (AFGL 7009S) protostars with values of N(H 2 S) ≤ 6.6 × 10 16 and 1.5 × 10 16 cm −2 , respectively. Based on the data reported by Gibb et al. (2004) , we can obtain an OCS fraction for both sources of H 2 S OCS ≤ 3.3 and 1.4, respectively. These values are comparable to that observed in comet Hale-Bopp, but much higher than the experimental ratio found in UV irradiation of CO:H 2 S ice mixtures. Since both sources correspond to high-mass strongly processed YSOs, other formation processes have to be involved to explain the observed OCS abundances, such as X-ray and cosmic ray irradiation.
As we mentioned in Section 3.3, the maximum OCS formation corresponds to a fluence of 1.2 × 10 17 photons cm −2 of fluence, for CO:H 2 S ice mixtures. Assuming a flux value of 10 4 photons cm −2 s −1 , typical of dense cloud interiors (Shen et al. 2004 and references therein), the highest OCS abundance for CO-rich ices occurs after 3.8 × 10 5 yr, a value smaller than the cloud lifetime.
C O N C L U S I O N S
We determined the desorption temperature of solid CO in the CO:H 2 S ice mixture, displaying several desorption peaks at 29, 34, 51, 64, and 78 K due to different interactions in the ice matrix. During warm-up, the CO feature shifts from 2136 to 2138 cm −1 corresponding to pure CO just before sublimation, which is indicative of a segregation process. FTIR spectroscopy of irradiated CO:H 2 S ices shows the presence of CO 2 , OCS, HCO, H 2 CO, CS 2 , H 2 S 2 , and HS · 2 as the main irradiation products. In TPD experiments, besides the products found by FTIR spectroscopy, the desorption of sulphur chains such as S 2 (138 K), H 2 S 2 (138 K), S 3 (212 K), and H 2 S 3 (191 K) was observed.
The infrared band of H 2 S at 2540 cm −1 with an FWHM of 43 cm −1 becomes about 5 cm −1 narrower in CH 3 OH:H 2 S ice mixtures. During irradiation of this ice mixture were formed CO, CO 2 , CH 4 , HCO, H 2 CO, HCOOH, and CS 2 as the main products detected by FTIR spectroscopy. TPD experiments led to detection of C 2 O, H 2 S 2 , OCS, and tentatively, CH 3 CH 2 OH, CH 3 OCH 3 , HOCH 2 CH 2 OH, HOCH 2 CHO, OHCCHO, H 2 C 2 S, and H 2 CS molecules.
Analysis of the residues at 200 K shows a rich chemistry in CO:H 2 S ice mixtures with absorptions of S-H, C=S, and S=O stretching modes in S-bearing compounds. We suggest the presence of O=C=C=S in the more refractory fraction of CO:H 2 S photoprocessed ices.
We confirmed the presence of C-S bonds in refractory molecules and the formation of S-chains as the most abundant refractory products at room temperature. Simple sulphur species, such as CS 2 and OCS detected in various astrophysical environments, could be formed by irradiation of ice mantles containing initially H 2 S as the main source of sulphur, although the high relative abundances of these species suggest that, in addition to UV photons, other sources of radiation (more energetic photons and cosmic rays) also contribute to their formation.
Sulphur plays an important role in biochemistry. The molecules resulting from UV irradiation of H 2 S in ice matrices containing CO or CH 3 OH reported in this paper are complementary of the more refractory products reported by Muñoz Caro (2002) . The latter were detected by chromatographic analysis of the room temperature residues. After hydrolysis of the residues, no S-bearing aminoacids were found. However, the non-detection of amino acids cannot exclude its formation since many parameters could be involved in the organic synthesis, such as, fluence, substrate dependence, irradiation source, ice composition, and ice structure. This work helps to unveil the role of the sulphur in poor water environments, remaining open questions about the sulphur chemistry in a more complex mixtures.
